by better differentiation of contrast-enhancing lesions [6] . This article summarizes the current status und the most promising new developments in breast MRI.
Introduction
The technique of contrast-enhanced magnetic resonance imaging (MRI) of the breast was developed about 25 years ago [1] . Fast T1-weighted gradient echo (GE) sequences made dynamic contrast-enhanced (DCE) breast MRI with satisfactory image quality possible [2, 3] . First results were promising and reported sensitivity and specificity levels for breast cancer diagnosis of over 95% [3] . Nowadays, DCE breast MRI is the most sensitive breast imaging modality. It is more sensitive than mammography and ultrasound and a combination of both. Its specificity corresponds to that of mammography [4, 5] . Various efforts have been made to further improve the diagnostic performance of breast MRI. All of them aim to further increase the specificity of breast MRI Siegmann/Krämer/Claussen ent lesion criteria to form a total breast MRI score can be useful. Fischer et al. [14] developed a breast MRI score which can be translated into BI-RADS [15] and enables thereby a standardized BI-RADS classification with satisfying positive predictive value (PPV) of malignancy for each BI-RADS class [16] .
Current Indications of DCE Breast MRI
Breast MRI is the most sensitive imaging modality for the detection of breast cancer. Recent studies show that MRI can even depict ductal carcinoma in situ (DCIS) ( fig. 1 ) and invasive lobular carcinoma with high sensitivity [17] [18] [19] [20] . To avoid false-positive enhancing lesions and subsequent unnecessary breast biopsies, breast MRI should be only used for certain indications. There are 7 useful indications for DCE breast MRI which are widely accepted [7, 21] : i) Local staging in women with known breast cancer; ii) Evaluation of response to neoadjuvant chemotherapy; iii) Detection of occult primary breast cancer; iv) Diagnosis of recurrent breast cancer after breast conserving treatment; v) Breast cancer screening of high risk women; vi) Diagnosis of patients with breast implants; vii) Characterisation of equivocal findings at conventional imaging.
Despite the high diagnostic accuracy of breast MRI, previous published studies failed to prove a reduction of the re-excision rate by preoperative MRI [22, 23] . Both cited studies mainly suffer from rather low randomisation rates and patient selection bias. Therefore, the influence of preoperative breast MRI on the rate of re-excision as well as the influence of preoperative breast MRI on breast cancer recurrence are currently viewed controversially [24, 25] .
Contrast Agents
DCE breast MRI has predominantly been performed with gadopentetate dimeglumine (Gd-DTPA; Magnevist ® , Bayer HealthCare Pharmaceuticals, Berlin, Germany). A dose of 0.1 mmol per kg body weight is mostly recommended [6] . Until now, the reported diagnostic accuracies of DCE breast MRI using Gd-DTPA have been high [4] . Investigations of other contrast agents concern in particular gadobenate dimeglumine (Gd-BOPTA; MultiHance ® , Bracco Imaging Deutschland GmbH, Konstanz, Germany). It possesses a 2-fold higher T1 relaxivity in vivo because of interactions of the gadolinium chelate with serum albumin. This increased T1 relaxivity of Gd-BOPTA translates into greater contrast enhancement which possibly results in improved lesion detection and lesion characterization compared to Gd-DTPA [26] [27] [28] . However, these promising results were mainly published by 1 working group and partly financed by the contrast agent manufacturer. Therefore they need to be confirmed. The structures with high T2 signal. Bilateral dynamic breast MRI should be preferably performed in the transverse plane to minimize motion artefacts and to allow delineation or exclusion of nipple or chest wall invasion. Fast T1-weighted spoiled GE pulse sequences make dynamic high resolution imaging possible. The optimal sequence is a compromise between high spatial resolution and high temporal resolution. It allows detailed depiction of lesion morphology and enhancement characteristics at the same time. Both details are necessary for differentiation of benign and malignant findings. Threedimensional (3D) GE pulse sequences provide technically stable high resolution images. The time of repetition should be as short as possible, the flip angle as large as possible (20-50°) , and the echo time should be set short and in-phase (4.6 msec at 1.5 T). The field of view should cover both breasts (320-380 mm). For high spatial resolution, an acquisition matrix of 512 × 512 and a section thickness of 1-3 mm are recommended. Malignant lesions are characterised by early strong enhancement with subsequent plateau or wash-out. The analysis of the early post contrast series (after 60-120 s) is therefore most suitable for the detection of malignant lesions. To evaluate the lesions' enhancement characteristics, a temporal resolution of less than 120 s per acquisition, ideally 60 s, should be used [5] . The entire dynamic scan should cover at least 6 min after contrast medium injection to detect possible wash-out in the late phase.
T1-shortening contrast agents (gadolinium chelates) are used for all breast MRI protocols. A dose of 0.1 mmol per kg body weight is mostly recommended. The contrast agent should be injected automatically intravenously with a flow rate of 3 ml/s followed by a 20 ml saline flush. The first postcontrast acquisition should be started immediately after contrast medium injection (during saline flush).
Hormonal stimulation can lead to increased enhancement of normal breast tissue [8] [9] [10] . In order to reduce the risk of hormonal-related false-positive enhancing lesions, the EU-SOMA work group recommends that premenopausal women should undergo breast MRI preferably in the second or third week of the menstrual cycle, even if hormonal contraception is used [7] . In the case of postmenopausal women, hormone replacement therapy should be discontinued at least 4 weeks before breast MRI.
A dedicated workstation is necessary for data analysis of DCE breast MRI. Region-of-interest (ROI) analysis of enhancing lesions on subtraction images or fat-saturated images is necessary to assess kinetic data. Curve type measurements are useful as a diagnostic criterion in breast lesions irrespective of the method used [11] .
Every lesion should be classified according to the breast imaging reporting and data system for breast MRI (MRI-BI-RADS ® ) of the American College of Radiology (ACR) [12] to standardize the report and to determine the clinical approach [13] . Morphologic and kinetic lesion characteristics were used for lesion classification. The combination of differBreast Care 2011;6:87-92 MRI -New Aspects 89 threshold enhancement. Other kinetic features did not further improve lesion discrimination. Baltzer et al. [11] showed that diagnostic accuracy was not significantly changed if kinetic measurements were performed by manual ROI placement, visual assessment, or CAD measurements. However, most of the above mentioned study results apply especially to lesions which present as a mass. Newell et al. [34] report that there is no significantly added diagnostic value of CAD if lesions present as non-mass-like enhancement. Therefore, more advanced algorithms are needed for those lesions. The sensitivity of CAD in the detection of DCIS is particularly poor and false-negative cases occur [33, 35] . CAD may be helpful in assessing changes in MRI enhancement profiles of tumours following chemotherapy. However, CAD-assessed significant enhancement following chemotherapy can be falsely negative for residual malignancy, and CAD tumour sizes can be less accurate than those measured by the radiologist in predicting the size of residual malignancy. Therefore, CAD may complement but should not replace the radiologist's assessment of tumours [36] . In conclusion, CAD can be helpful in lesion analysis but it does not have the potential to replace the experience of a breast radiologist neither in the initial diagnostic setting nor after neoadjuvant chemotherapy. Therefore, the EUSOMA working group [7] states that CAD may be beneficial, but it would be premature to recommend the routine use of such systems.
Diffusion-Weighted Breast MRI
Water molecules within tissue are not freely diffusing. Macromolecules, cell membranes, and other tissue microstructures hinder diffusion and thereby cause a reduction in the average diffusion displacement, compared to that of free water. This effective or apparent diffusion coefficient (ADC) can be quantitatively measured with diffusion-weighted (DW)-MRI. It is common to apply diffusion-weighting in 3 orthogonal directions. The ADC maps calculated from the 3 images are then averaged to obtain a mean ADC map, reducing the effects of anisotropic diffusion.
Malignant lesions show measurable differences in water diffusion because of their increased cellularity. They typically exhibit decreased ADC values compared to the surrounding unaffected tissue. Thereby malignant masses show lower ADC values than malignant non-mass-like lesions [37] . DW-MRI techniques taking advantage of this characteristic can differentiate benign from malignant lesions [38] [39] [40] [41] [42] [43] [44] [45] [46] and may have the potential to increase the specificity of breast MRI in the diagnosis of breast cancer. However, due to reduced spatial resolution, the tumour visibility is worse using DW-MRI compared to T1-weighted-GE or T2-weigthed turbo spin echo (TSE) sequences. Published values of sensitivity and specificity of DW-MRI vary from 80 to 98% and 46 to 93%, respectively (table 1). A recent meta-analysis of several diagnostic performance of other gadolinium chelates has not been sufficiently analysed. Therefore, further studies seem to be necessary to evaluate the influence of different contrast media on breast cancer diagnosis.
Computer-Aided Diagnosis
The first computer-aided diagnosis (CAD) system for breast MRI was launched in January 2003. Most CAD systems offer a combined analysis of lesion morphology and enhancement kinetics. Some studies evaluating CAD programs suggest that CAD analyses may improve diagnostic accuracy by improving specificity, while decreasing the time required for interpretation and the heterogeneity of radiologists' interpretations across varying levels of experience [29] [30] [31] . Others show an increased sensitivity by using CAD whereas the specificity decreased in cases of non-experienced readers [32] . The study of Williams et al. [33] showed that CAD helped significantly to discriminate benign from malignant lesions by defining a Fig. 1 . Dynamic contrast-enhanced breast magnetic resonance imaging (MRI) showing a large ductal carcinoma in situ (DCIS) which was occult on a mammography and ultrasound. b Ultrasound of a patient who presented with a palpable lump in the right breast showed a 1.6-cm large lesion highly suspicious for malignancy (BI-RADS 5). c On the maximum intensity projection of subtracted early post-contrast T1-weighted gradient echo image, a 10-cm large non-mass enhancement highly suspicious for malignancy (BI-RADS 5) was detected in both outer quadrants of the right breast. d On single slice subtraction image a periductal enhancement highly suggestive for DCIS could be depicted (white arrow) which was histologically proven by MRI-guided breast biopsy. The final histology of the mastectomy specimen revealed a 1.5-cm large invasive ductal carcinoma with extensive DCIS.
branes, the standard interpretation of increases in total choline signal is increased cell turnover. MRS measurements of choline are feasible in the human breast, and show statistically significant differences between benign and malignant lesions with elevated levels of choline-containing compounds in neoplastic breast tissue. The disadvantages of MRS are the limited signalto-noise ratio and limited spectral resolution. Both are essential to separate important choline metabolites.
In one report, MRS provided a sensitivity of 100% and a specificity of 88% in breast cancer diagnosis [53] . A combination of DCE breast MRI and MRS may offer improved specificity compared to either modality alone [54, 55] . In the study by Meisamy et al. [56] , MRS in addition to DCE breast MRI resulted in increased sensitivity, specificity, and accuracy. In the study by Bartella et al. [57] , the use of 1 H-MRS as a supplement to breast MRI could significantly increase the PPV of biopsy for MRI-detected lesions with non-mass enhancement and could decrease the number of benign biopsies.
The reduction of the concentration of total choline-containing compounds on single-voxel 1 H-MRS may be a useful indicator of response of locally advanced breast cancer to neo adjuvant chemotherapy [58, 59] . Study results suggest that 1 H-MRS may help predict response as early as 24 h after the first dose of neoadjuvant chemotherapy [57] .
It may be true that choline is consistently detected in invasive ductal carcinoma, but DCIS are likely to be negative for choline at MRS [60] . Furthermore, elevated choline levels of invasive breast cancers can only be reliably detected in lesions larger than 1 cm in size [53, 60] . In addition, the single-voxel technique, which is most commonly used, allows only 1 lesion to be examined at a time [57] . At present, the routine use of MRS for the differentiation of benign and malignant breast lesions should not be suggested. Further studies are necessary to prove the diagnostic value of MRS in the clinical setting.
Breast MRI at Higher Magnetic Field Strength -3 T
Higher field strength scanners provide an improved signal-tonoise ratio and spectral spreading. This leads to an improved image resolution of DCE breast MRI and MRS. Furthermore, these improvements can, potentially, lead to shortened acquisition times or increasing sensitivity and specificity for DW-MRI and DCE breast MRI [50, 61] . Pulse sequences must be modified from 1.5 T to 3 T to provide similar image contrast.
Only a few studies have performed a direct comparison between 1.5 T and 3 T. They suggest that 3 T is at least equivalent and often better than 1.5 T [50] . One study prospectively compared the image quality and diagnostic performance of the data obtained at 3 T and 1.5 T in 37 women with 53 lesions [62] . Receiver operator characteristic (ROC) curves were calculated. The authors report improvement in diagnostic performance with a significantly improved ROC score of 0.98 at 3 T compared to 0.84 at 1.5 T (p < 0.05). studies regarding breast DW-MRI on 1.5 T scanners confirmed the utility of ADC to distinguish between benign and malignant lesions with a pooled sensitivity of 89% and a specificity of 77% [45] . DW-MRI in combination with short tau inversion recovery (STIR) imaging shows similar values of sensitivity and specificity compared to DCE breast MRI [47] . This applies especially to the analysis of mass lesions [48] . Yabuuchi et al. [49] show a good performance of DW-MRI added to DCE breast MRI with high diagnostic accuracy also on non-mass-like breast lesions. Partridge et al. [37] showed that the differentiation of benign and malignant masses and lesions with non-mass-like enhancement by DW-MRI was not affected by lesion size.
Treatments that cause cells to shrink lead to early increase in ADC that can be predictive of the ultimate tumour response [6] . Therefore, DW-MRI may be able to offer earlier and more precise information on response to neoadjuvant treatment than DCE breast MRI and analysis of tumour size with regard to the response evaluation criteria in solid tumours (RECIST) [50, 51] . The results of a study by Pickles et al. [52] indicate that DW-MRI may provide a suitable biomarker capable of providing an indication of response to treatment prior to tumour size measurement.
However, the threshold ADC values determined for differentiation of benign and malignant breast lesions differ substantially between the study groups. Because of considerable overlap of ADC values in benign and malignant lesions, breast DW-MRI must remain a research tool until larger studies are performed to validate the above described findings. Standard DW-MRI protocols for breast MRI need to be established to ensure reproducibility at different sites. Overall, DW-MRI seems to be the most promising method of functional breast MRI and it is expected to enter clinical practice in the near future.
Magnetic Resonance Spectroscopy
Hydrogen ( 1 H) magnetic resonance spectroscopy (MRS) can be performed along with MRI in order to gain information about a lesion's chemical content. Since choline-containing compounds are implicated in the synthesis and metabolism of cell mem- 
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However, there are also disadvantages of high-field breast MRI. The main barriers to 3 T breast imaging are increased inhomogeneity of the magnetic field, lengthening T1 and shortening T2, a higher specific absorption rate (SAR), and chemical shift artefacts [50] . Increased SAR may require modification of pulse sequences, which neutralizes some of the signal-to-noise ratio and temporal resolution gains at 3 T. Increased magnetic field inhomogeneity can lead to reduced lesion enhancement and thereby reduced overall sensitivity of breast MRI [63, 64] . Altogether, DCE breast MRI at 3 T is feasible. Few studies report possible advantages of 3 T compared to 1.5 T [50, 62] , but these results are not proven yet.
Conclusion
Breast MRI is the most sensitive imaging modality for the detection of breast cancer. Its specificity is equivalent to that of mammography. Recent advances in pulse sequences allow DCE breast MRI of both breasts with high temporal and spa-
